and not completely understood. However, it has been claimed that TLR2 in response to Aspergillus hyphae initiates a non-infl ammatory Th2 response [6], representing a possible mechanism of escape from antifungal defense [5,8].
Introduction
Aspergillosis is the most common mould infection worldwide, and Aspergillus fumigatus accounts for more than 90% of the cases [1] . The immune system in immunocompetent individuals is normally able to deal with the constant exposure to moulds, but immunocompromised individuals are at risk for serious infections. Despite therapeutic advances [2] and newer diagnostic tools and criteria [3] , invasive aspergillosis remains diffi cult to diagnose, therapy is started too late and the outcome is often fatal.
TOLL like receptors (TLRs) are pattern recognition receptors (PRR) which recognize pathogen associated molecular patterns (PAMPs) [4] . TLR2 and TLR4 appear to be involved in the immune response to infections caused by A. fumigatus [5, 6] , but their precise role is controversial [7] Syringe Filter Holder (Gelman Laboratory, NY) with polypropylene separators (10 μ m pore size). The conidia were counted in a B ű rker counting chamber (VWR, West Chester, PA, USA), diluted to appropriate concentrations in RPMI 1640 (PAA Laboratories GmbH, Pasching, Austria) with 2% glucose (medium), and stored at 4 ° C until used in these studies. In some experiments conidia were incubated at 37 ° C under 5% CO 2 for 18 h to generate germinating conidia and hyphae as verifi ed through microscopy.
In some receptor activation experiments, conidia and hyphae in medium were mechanically crushed with zirconiumsilica particles (0.1 mm, BioSpec Products, Bartlesville, Oklahoma) in a MagNA Lyser (Roche Diagnostics, Mannheim, Germany) to produce a solution of fungal elements.
Inactivation of conidia in a frozen suspension of PBS with 0.05% tween was accomplished in the nuclear reactor at the Institute for Energy Technology (IFE) (Instituttveien 18, 2007 Kjeller, Norway) with 5 kilogrey (kGy) gamma radiation to avoid structural damage to the conidial architecture [10] and minimize changes of surface molecules which might be caused by detergents or heating. To determine the lowest adequate dosage of radiation, samples of conidia were irradiated with 1, 5, 10 and 20 kGy and incubated for 14 days on Sabouraud agar at 28 ° C to evaluate evidence of growth (data not shown).
Assay for determining conidial viability
Conidial viability was assessed using the FUN-1 fl uorescent probe (Invitrogen, Carlsbad, CA, USA) and fl ow cytometric analysis was performed as previously described [11] . FUN-1 is a halogenated nucleic acid binding dye which gives rise to cylindrical intravacuolar structures (CIVS) in fungal cells [12] . CIVS will change from green to red fl uorescence in metabolically active, viable conidia, suitable for measurement in the fl ow cytometric parameter FL2. Gates were set as shown in Fig. 1 after several pilot experiments in which inactivated conidia were compared with viable conidia in media. Germinating conidia will increase in size and increase in foreward scatter (FSC) and side scatter (SSC) intensity defi ned by gate B. To evaluate the fate of resting conidia in THP-1 monocytes we performed our analysis on conidia defi ned by gate A. The data presented in Fig. 3 is based on conidia found in this gate.
Flow cytometry was performed using a FACSCalibur instrument with CellQuest software (Becton Dickinson). List mode fi les were collected for 10,000 cells from each sample and analyzed with CXP Analysis 2.0 software (Beckman Coulter, Inc., Fullerton, Ca, USA).
Preparation and stimulation of THP-1 monocytes
Cells from the human monocytic cell line THP-1 (American Type Culture Collection, Rockville, MD) were cultured in RPMI 1640 (PAA Laboratories GmbH, Pasching, Austria) with 10% fetal calf serum (FCS; growth medium), harvested, counted and diluted in medium prior to culturing with live conidia. Pilot experiments showed that a THP-1 cell:conidia ratio of 1:8 was optimal to evaluate conidial viability after 4 h incubation at 37 ° C in 5% CO 2 . Cells and conidia were cultured in a 12-well cell culture cluster (Costar, Corning, NY, USA) and harvested by gently scraping before transferring to Falcon tubes.
THP-1 monocytes were incubated with monoclonal anti-human TLR5-IgA (clone Q2G4, 1 μ g/ml) and mouse IgA (1 μ g/ml) isotype control (Invivogen, San Diego, CA, USA) for 30 min prior to culturing with live Aspergillus conidia in some experiments. Changes in the expression of TLR5 in THP-1 monocytes after incubation with antihuman TLR5-IgA were assessed with PCR and western blot methodology after 4 and 24 h respectively.
In some experiments recombinant fl agellin (10 ng/ml) from Salmonella typhimurium (Invivogen, San Diego, CA, USA) was added to the THP-1 cells together with conidia.
TLR5 knockdown experiments were done using predesigned small interfering (si)RNA against TLR5 (siRNA cat No: SI02655163; 100 nM fi nal concentration) and certifi ed silencing scramble control siRNA (cat No: 1022076; 100 nM fi nal concentration) purchased from Qiagen (Hilden, Germany). The transfection using HiPerFect was done in accordance to the protocol of Qiagen. The tranfection of siRNA complexes was performed for 6 h in serum Recombinant fl agellin (10 ng/ml) was used as a positive control. Transfection and stimulation of HEK-293 cells with resting conidia, swollen conidia, hyphae and lysates of these morphotypes, were done in triplicate on three separate occasions. The cell line and reagents needed for these experiments were purchased from Invivogen, San Diego, CA, USA, and the procedure was followed according to the manufacturers ' protocol.
Statistical analysis
Differences between groups were calculated with an un-paired Student t -test, and P Ͻ 0.05 was considered signifi cant.
Results

TLR5 expression on THP-1 monocytes
THP-1 monocytes cultured with inactivated conidia of A. fumigatus for 24 h up-regulate the expression of TLR5 (Fig. 2) . This fi nding is in agreement with our previous free medium followed by 18 h incubation in growth medium. All knockdown experiments were done in triplicate on three separate occasions. Neutralizing experiments and co-culture experiments with fl agellin were done in triplicate on four separate occasions.
Increased expression and knock-down of TLR5 were verifi ed by Western blot performed as previously described [13] in which equal amounts (30 μ g) of protein from each sample are separated by SDS-PAGE (10%) before transferring onto polyvinyl difl uoride membranes (NEN Life Science, Boston, Mass, USA). The membrane was probed with purifi ed rabbit anti-TLR5 antibody (BioVison, CA, USA), stripped and reprobed with monoclonal antibodies against β -tubulin (Sigma).
Lysis of the THP-1 cells to free phagocytocized conidia was done with sonication (Vibra Cell, Tamro LAB). The procedure was accomplished with the cells placed on ice in pulses of 5 sec with 10 sec pauses, amplitude 10, and three repetitions. Microscopy showed a near complete lysis of the THP-1 cells, while there was no difference in the orange-positivity of FUN-1 stained, live conidia prior to and after the procedure (data not shown) documenting that sonication did not infl uence conidial viability. The viability of the conidia before and after sonication was also assessed through culturing on Sabouraud agar as described above to determine the CFUs (data not shown).
TLR5 activation experiments
To investigate possible activation of TLR5 by A. fumigatus we used an isolated clone of HEK-293 cells stably transfected with TLR5 gene. This cell line was transfected with the TLR-signaling reporter plasmid pNiFty-SEAP using the lyophilized cationic lipid for transfection of mammalian cells (LyoVec). In the case of TLR5 activation, these cells secrete alkaline phophatasis (SEAP) which can be detected with the colorimetric enzyme assay QUANTI-blue. Fig. 2 Western blot data on expression of TLR5 in THP-1 monocytes stimulated with fl agellin (10 ng/ml) (middle column) and inactivated conidia from A. fumigatus (right column) for 24 h compared with un-stimulated THP-1 monocytes (left column). Data are given in mean Ϯ SEM for six independent experiments. * P Ͻ 0.05 versus un-stimulated (Controls). 
THP-1 monocytes cultured with anti-TLR5 and conidia
Treatment of THP-1 monocytes with monoclonal anti-TLR5 prior to incubation with conidia from A. fumigatus resulted in a signifi cant increase in conidial viability as compared to THP-1 monocytes treated with an appropriate isotype control (Fig, 4A) . PCR analysis performed on THP-1 monocytes incubated for 4 h with only anti-TLR5 antibodies indicated a tendency to up-regulate mRNA for TLR5 (Fig. 3A) . Three western blot experiments done in duplicate after 24 h of stimulation also showed an increased, however not signifi cant ( P ϭ 0.09), up-regulation of TLR5 after incubation of THP-1 monocytes with anti-TLR5 antibodies (Fig. 3B) . According to the manufacturer the monoclonal anti-TLR5 antibodies block fl agellin-mediated TLR5 activation, but our experiments suggest that these antibodies also increase the expression of TLR5 in THP-1 monocytes.
THP-1 monocytes treated with siRNA against TLR5 and conidia
siRNA against TLR5 in our experiments reduced TLR5 expression by approximately 20% as determined with Western blot assays (data not shown). In these experiments we observed a signifi cantly decreased viability in conidia cultured with TLR5 knockdown THP-1 monocytes as compared with scrambled THP-1 monocytes used as a negative control (Fig. 4B) .
THP-1 monocytes cultured with fl agellin and conidia
Conidial viability was increased when THP-1 monocytes were cultured with them together with fl agellin as compared to THP-1 monocytes cultured with conidia alone (Fig. 4C) .
TLR5 activation experiments
To investigate if A. fumigatus induces an activation of the TLR5-receptor, we cultured HEK-293 cells only expressing TLR5 with conidia and hyphae or lysates of these morphotypes. We tried incubation times ranging from 2 -48 h, but did not manage to demonstrate any activation of the receptor as opposed to fl agellin which gave a positive reaction at all time-points (data not shown). There were no differences between conidia, hyphae or lysates of these morphotypes in our experiments.
Discussion
Human monocytes stimulated with fl agellin which is the only known ligand to TLR5, increase the expression of the receptor [14] . We have previously shown that viable conidia from A. fumigatus also induce a strong up-regulation of the gene encoding TLR5 in human monocytes similar to that seen with fl agellin [9] . We now present fi ndings suggesting a possible involvement of TLR5 in the immune response Fig. 4 Mean fl uorescence intensity (MFI) of Aspergillus conidia stained with FUN-1 viability dye after 4 h culturing with: (A) THP-1 monocytes, THP-1 monocytes ϩ isotype control (1 μ g/ml) and THP-1 monocytes ϩ anti-TLR5 (1 μ g/ml) as compared with viable conidia ( N ϭ 12, * * * P Ͻ 0.05 for THP-1 monocytes ϩ anti-TLR5 versus THP-1 monocytes ϩ isotype control), (B) THP-1 monocytes treated with siRNA against TLR5 as compared with scramble THP-1 monocytes ( N ϭ 9, * * * P Ͻ 0.05), and (C) THP-1 monocytes alone and with THP-1 monocytes in the presence of fl agellin (10 ng/ml) as compared to viable conidia ( N ϭ 12, * * P Ͻ 0.05 for conidia ϩ THP-1 monocytes versus conidia ϩ THP-1 monocytes ϩ fl agellin). Data are given as mean Ϯ SEM.
against infection with A. fumigatus in man. The results of the experiments presented here show that up-regulation of TLR5 in THP-1 monocytes is associated with increased viability of resting conidia cultured with these cells, while down-regulation of TLR5 has the opposite effect.
We were able to demonstrate that THP-1 monocytes treated with silencing RNA against TLR5 display increased ability to reduce conidial viability. Secondly, we have provided evidence suggesting that TLR5 activation in THP-1 monocytes by fl agellin reduces these cells ' ability to inactivate conidia. Furthermore, our experiments indicate that treatment of THP-1 monocytes with a monoclonal antibody against TLR5 leads to an increased viability of conidia with a concomitant up-regulation of TLR5 both on the gene and protein level, probably as a result of antibody-mediated TLR5 activation. Our experiments with the HEK 293 cell line discussed below did not indicate any direct interaction between Aspergillus conidia and TLR5 as demonstrable with fl agellin, the only known ligand for TLR5.
While several TLRs seem to play a protective role in antifungal defense mechanisms, it has also been reported that activation of certain TLRs appears to be involved in escape mechanisms protecting the fungus [8] . Thus, the preferential stimulation of TLR2 by the tissue-invasive hyphae of A. fumigatus which leads to an anti-infl ammatory Th2 response is apparently used as an escape mechanism for the fungus. We are not aware of any published data suggesting the involvement of TLR5 in similar escape mechanisms used by fungi or other microbial organisms. To our knowledge no ligands other than fl agellin have an effect on TLR5 expression in monocytic cells [15] , and we were not able to demonstrate any direct interaction between Aspergillus and TLR5. Nevertheless, our fi ndings indicate that intracellular molecular pathways activated together with activation of TLR5 may have a protective effect on the viability of conidia, while these intracellular mechanisms are rendered less active when the TLR5 system is down-regulated, resulting in decreased conidial viability. The negative results of stimulation of the TLR5 expressing HEK-293 cells as a model for trans-membrane TLR5 activation indicate that conidia from A. fumigatus do not directly activate TLR5. Thus, the biochemical mechanisms by which conidia induce up-regulation of TLR5 associated with increased conidial viability remain unclear.
In conclusion, we have demonstrated that the upregulation of TLR5 in monocytic cells induced by conidia of A. fumigatus appears to protect conidial viability, while a down-regulation of TLR5 has the opposite effect. While the molecular mechanisms of these previously not described phenomena are unknown, we believe that further research is warranted to elucidate the possible involvement of TLR5 in the immune response against A. fumigatus in man. Such studies might lead to novel insight in the intracellular processes involved in inactivation of Aspergillus conidia, and might also reveal new aspects of the function of TLR5.
Declaration of interest:
The authors report no confl icts of interest. The authors alone are responsible for the content and writing of the paper.
